Abstract. This paper presents an analysis of astrometric reduction methods for the calibration of a CCD target. To compare these methods, we collected about 3000 recent CCD observations between 1990-1997. We discuss the comparison of the four main contemporary theories describing the eight major satellites of Saturn, used in recent CCD astrometric reduction. We show that these theories developed by Taylor & Shen (1988) , Dourneau (1993) , Harper & Taylor (1999) and Duriez & Vienne (1997) , give a rather good representation of the orbits of the eight main satellites, especially for satellites III-VI. In the CCD astrometric reduction, we point out a bias of the theories on the derived satellite positions, which can reach about 0. 03. Duriez and Vienne's TASS theory (1997), built with significantly higher consistency than the other three, generally leads to the lowest residuals for the observations analysed here. Due to its high quality, we recommend use of this theory for CCD reduction. Systematic errors affecting satellites' derived positions should be small, due to the quality of the TASS theory. This procedure might be an alternative to the multi-theory reduction method previously proposed by Qiao et al. (1999) . Observations of satellites obtained from CCD reduction using TASS are expected to be significantly more accurate (0. 015) than observations reduced from any other theory (about 0. 05).
Introduction
The CCD technique in astrometry, which has been used for about a decade, has some intrinsic difficulties in dealing with astrometric reduction. This is a consequence of the small size of the CCD target, generally associated with the use of a long-focus telescope. In order to obtain profitable data, we must know precisely the focal length of the telescope and the orientation of the target at each observation. In recent years, much effort has been devoted to finding more reliable methods of calibration. Jones et al. (1989) used the wide double star 61 Cygni to determine the calibration parameters of CCD exposures. Colas & Arlot (1991) chose to use globular clusters such as M 15, for which astrometric catalog data are available. Neither of these methods are quite satisfactory from an astrometric perspective. So, other methods were proposed, using the bright moons of Saturn, whose positions are derived from well-known ephemeris data (Harper et al. 1997) . Such methods have already been used in some previous astrophotographic observations (Veillet & Dourneau 1982 ), but present a problem because errors of satellite ephemerides affect their derived positions (Pascu et al. 1987) . In the present paper, we confirm this error from our analysis of observations. In order to reduce systematic errors which affect satellite observations reduced from the use of only one theory, Qiao et al. (1999) proposed the multi-theory method. This method uses the four contemporary dynamical satellite theories developed by Taylor & Shen (1988) , Dourneau (1993) , Harper & Taylor (1993) and Duriez & Vienne (1997) . Satisfactory observations of satellites were provided by the multi-theory method, providing observed-minus-computed residuals which can reach 0. 08. In this paper, we will analyze the accuracy of various CCD reduction methods based on the four satellite theories, including the multi-theory method that we will use as a reference for comparison. From a detailed analysis of these theories, we will try to suggest a CCD reduction method determining more accurately the positions of saturnian satellites.
Theories and observations used in the analysis

Theories
The theories that we will analyze in this paper are the four main contemporary theories mentioned above.
Three of these theories, developed by Dourneau (1993) , Taylor & Shen (1988) and Harper & Taylor (1997) are constructed from previous theories developed by Struve (1898) and later improved by Struve (1931) and Kozai (1957) . The differences between these three theories are in the quantity and the quality of observations used to adjust the theoretical constants. Also, the number of adjusted constants and the accuracy of the adjustment method significantly differs between theories. For example, Taylor & Shen (1988) used photographic observations over the [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] period to determine a limited number of satellite orbital elements. Dourneau (1987) corrected more than a hundred theoretical constants relative to the eight major saturnian satellites from a century of observations, including all published photographic and visual micrometric data from 1886 to 1985. In this paper, we used the last version of this theory, in which Dourneau (1993) corrected some more libration parameters of the four inner satellites. This new version recently allowed a determination of the masses of these satellites (Dourneau & Baratchart 1999) . Harper & Taylor also corrected a great number of constants of the major saturnian satellites. They referred to the Strugnell & Taylor (1990) catalog of satellite observations from 1874 to 1989, including Pascu's unpublished (1982) observations made at U.S. Naval Observatory. The new version of this theory (Harper & Taylor 1999) , used in our paper, is fitted to some additional recent CCD observations from 1990 to 1997 for all satellites, Hyperion excepted. For Hyperion, this new version is derived from the synthetic theory developed by Taylor (1992) . It includes additional terms for the perturbations of Titan and is based on observations from 1967 to 1982. From this analysis, we can expect Dourneau's and Harper & Taylor's theories to be rather similar, except for Hyperion. Also, both of these theories, based on a long period of observation, should be significantly more reliable than Taylor & Shen's, adjusted to a limited collection of observed data. TASS theory (Théorie Analytique des Satellites de Saturne) has been presented in various successive papers by Vienne & Duriez (1991 , 1992 , 1995 . They propose new analytical expressions for orbital elements, including additional perturbations of satellites. TASS has a very good internal consistency of a few kilometers, significantly better than the other three, more classical, contemporary theories. Shen & Qiao (1996) have shown that TASS accuracy is now greater than the precision of photographic observations. In this paper, we have used the newest TASS 1.7 version (Duriez & Vienne 1997) including Hyperion and adjusted to the observed data of the Strugnell & Taylor (1990) catalog. The four contemporary theories will be compared further in this paper to the observations that we have collected and that we will present now.
Observations
In this work, we have collected about 3000 CCD observations of Saturn's satellite positions. The first 500 of them were reported in our previous paper (Qiao et al. 1999) . They were made in the period 1994-1996 with the 1.56 m telescope at the Sheshan Station near Shanghai, China. The approximate focal length of the telescope was about 15.6 m and the size of the square pixels of the CCD cell was 22 × 22 µm. In addition, we collected another 2500 CCD positions, successively obtained from 1990 to 1997 by Beurle et al. (1993) and Harper et al. (1997 , with the 1 m Jacobus Kapteyn telescope on the island of La Palma, Spain. All these observations are gathered in 21 datasets listed in Table 1 . The first column gives names of datasets in which H and Q, respectively, denote Harper and Qiao's observations. For each dataset, Cols. 7-9 specify how many times each calibration satellite, Tethys, Dione and Rhea, was observed. Titan, used as a reference satellite, is not specified, but the number of its observations is the total of all mentioned calibration satellite numbers. The last column indicates the number of nights of observation for each dataset. Qiao's datasets always involve only one night, while Harper datasets can involve several nights. However, during each dataset, the CCD camera was kept fixed on the telescope, without any manipulation of the target.
CCD astrometric reduction method
Computation of calibration parameters
The images of satellites on CCD frames provide raw measured intersatellite rectangular coordinates ∆x and ∆y of the observed satellite B relative to the reference satellite A. From these rectangular coordinates, measured in pixels, we can derive other measured coordinates, such as position angle P m and separation S m , commonly associated with old micrometric observations.
P m refers to the vertical axis of the CCD frame, and S m is expressed in pixels. From such raw data, we can derive observed coordinates to be compared to computed coordinates, such as position angle P , referred to the true pole of date, and separation S, expressed in arc seconds, by the following relations:
in which δP and k are defined as calibration parameters of CCD exposures. k represents the scale of the CCD frame, expressed in arcsecond per pixel. δP is the correction to the position angle of the true pole of date with respect to the north-south axis of the CCD array, measured positive towards the east. Observed coordinates P and S can be compared to topocentric computed coordinates P c and S c , expressed in the true equator and equinox of date. We applied to these computed coordinates corrections for Harper et al. (1997 and Qiao et al. (1999) observations. Values of the calibration parameters computed in this paper from the four contemporary satellite theories are given and can be compared with previous values adopted by the authors. light-time, refraction and stellar aberration. Both calibration parameters k and δP are determined in the reduction process from their initial values k 0 and δP 0 . k 0 is evaluated from the approximate value of the focal length of the telescope, and δP 0 from some index points marked on the telescope and on the CCD device, so that:
dk and dP are corrections to initial values derived from the adjustment between observed and computed satellite positions. This adjustment consists of minimizing residuals between observed and computed coordinates:
Calibration parameter corrections dk and dP are solutions of the least-squares method of adjustment. We use an iterative procedure, by introducing computed corrections for a new adjustment, until the convergence of calibration parameters is achieved. We achieve the iterative procedure when corrections become lower than 10 −9 arcsecond for both coordinates. Generally, the convergence occurred after no more than three iterations.
Comparison of calibration parameters values
Calibration parameters for each dataset of observations presented in Table 1 have been computed from the CCD reduction method described in the subsection above. Different values were obtained with the various theories used. Calibration parameters are supposed to be constant for each dataset, as the CCD cell was not moved from the telescope. We have successively computed the values of calibration parameters from the four contemporary theories. These values are given in Cols. 2-5 of Table 1 . For comparison, the sixth column indicates values previously adopted by Harper et al. (1997 and by Qiao et al. (1999) from their own respective methods. In these papers, Qiao derived calibration parameters from the multitheory method including the four contemporary theories and Harper used his own theory (Harper & Taylor 1993) . Table 1 shows that the values of the calibration parameters we have computed for Harper's observations (Col. 3) are slightly different to the values he had previously adopted (Col. 6). This can be explained as we have used in this paper the newest version of this theory (Harper & Taylor 1999) .
In order to extend the comparison of our calibration parameter values with other ones, we have determined for the particular Q961019 dataset of Table 1 , made on the 19th of October 1996, the scale and the position angle of the CCD frame from other methods presented above in the introduction. We have successively used the double star 61 Cygni, the globular cluster M 15, and the multi-theory method. The values obtained are presented in Table 2 . Significant discrepancies can be observed between the values derived from these different methods. Values obtained from the globular cluster M 15 and the multi-theory method are in good agreement, but they appear significantly different from those obtained from the double star 61 Cygni.
In Table 1 , we can also observe discrepancies between the values of the calibration parameters that we derived from the different four contemporary theories, however, they appear much smaller than those obtained from previous methods, as shown in Table 2 .
In addition, we have determined that a difference between two scales δk of 10 −4 /pixel, generally observed in Table 1 , can lead to differences in the derived satellite positions of about 0. 1. However, we need satellite positions with a greater accuracy in order to improve analytical theories, particularly TASS. Mutual events are of great interest for this purpose (Thuillot et al. 2000) but they are unfortunately very rare. Because photographic plates are no longer manufactured, the recent CCD observation technique could be the solution of the future. However, the astrometric reduction used in this technique must be improved. This is one of the special aims of this paper.
As a preliminary analysis of calibration parameters, given in Tables 1 and 2 , CCD reduction methods using satellite theories seem to give more coherent values than other methods using reference stars. This can be explained, as these stars are not located in the field of the observed satellites. Moving the telescope may cause flexions and then significant changes in calibration parameters (Colas & Arlot 1991) . Because CCD target are too small to allow reduction from field stars, we prefer CCD reduction methods using satellite theories. To improve these methods, we will compare the four available theories, so as to discover if some, more accurate than others, could be used in preference to any other one.
Comparison of satellite theories
Analysis of residuals for all satellites
Using the iterative procedure to determine the calibration parameters described above, we computed observedminus-computed residuals from intersatellite positions, in separation (∆S) and position angle (S∆P ), both expressed in arcseconds. These residuals are given in Table 3 for each theory and for each satellite, Titan excepted, as it was used as a reference. Residuals were calculated from satellite observed positions obtained from CCD reduction using the theory mentioned in the first line of Table 3 , compared to computed positions obtained from the same theory. Residuals higher than 0. 8 were eliminated. A preliminary analysis of Table 3 shows the very high quality of the ephemeris of satellites Tethys, Dione and Rhea, with residuals lower than 0. 1, whichever theory used. Titan, used as the reference, also can be considered as one of the satellites with the best-known theory. Enceladus presents higher residuals, from 0. 1 to 0. 2. Mimas, Hyperion and Iapetus have much less accurate theories, with residuals between 0. 1 and 0. 5. Table 3 shows some significant discrepancies between residuals obtained from each different theory. TASS is the theory which generally gives the smallest residuals for satellites with the best-known theories, with values from 0. 07 to 0. 08. However, for these satellites, all other theories also give very satisfactory residuals, from 0. 07 to 0. 1 and the differences with TASS appear quite small. For other satellites, TASS is not always the best theory. Harper & Taylor's (1999) theory generally gives the best residuals for Mimas and Enceladus. Dourneau's theory also gave better residuals in separation than TASS for Enceladus. For Iapetus, TASS presents the best residuals, with 0. 1 in ∆S and 0. 2 in S∆P .
Thus, as a general result of the analysis of residuals presented in Table 3 Table 3 is generally under the 0. 01 level and any of these theories can reach such a precision. But Table 3 clearly shows that Taylor & Shen's theory results in higher residuals than all the other theories for all satellites and especially for Mimas and Iapetus (0. 3 to 0. 5).
In conclusion, this analysis has shown that all four contemporary theories analyzed in this paper are adequate to represent accurate orbits of Tethys, Dione, Rhea and Titan. Thus, these satellites can reasonably be used as calibration satellites. For other satellites, we can conclude that ephemerides from all theories still need to be improved, especially for Taylor & Shen and also, in the particular case of Hyperion, for Dourneau.
Comparison of residuals for calibration satellites
Now, we propose to compare the residuals for all the observations of the calibration satellites given in Table 1 , relative to each theory. A few low-quality observed positions with residuals greater than 3σ were eliminated. The residuals obtained are presented in Table 4 . They confirm the previous analysis of Table 3 . TASS appears again as the best theory in both coordinates for calibration satellites, with very low values, between 0. 07 and 0. 08. For these satellites, Table 4 also confirms that the three other theories present very satisfactory accuracy, whichever theory was used, with residuals between 0. 07 and 0. 09, hardly higher than those from TASS. Harper & Taylor's theory appears here very close to TASS. All four theories of calibration satellites seem to have about equivalent accuracy (of 0.08 , within only 0.02 ). Thus, this last value of 0. 02 could be considered as a preliminary evaluation of the consistency of CCD astrometric reduction methods using any of these four theories of motion. Further, in this paper, we shall try to evaluate more precisely such consistency using different methods. Table 5 . Residuals between satellite observed positions, reduced from the four theories and from the multi-theory method, and computed positions derived from these four theories. Residuals are computed for all observations of calibration satellites given in Table 1 and are expressed in arcseconds 
Comparison of reduction methods using different theories
Analysis of residuals depending on the reduction made from different theories
Now, we propose to analyze and compare various CCD reduction methods using different satellite theories. First, we will try to point out the possible bias that any theory used in the reduction can introduce in the derived satellite positions. So, for all observations of calibration satellites presented in Table 1 , we determined the five different positions, successively obtained from the reduction using the four theories and from the multi-theory method. Then, we computed residuals by comparing these five observed positions to positions computed from each theory. Table 5 presents the derived residuals. We can see that particular residuals in the diagonal of Table 5 , obtained from the comparison of satellite observed positions to computed positions, derived using the same theory, were already given in Table 4 . It is interesting to note in Table 5 that diagonal residuals generally appear as the smallest ones. This points out a significant bias of theories towards corresponding satellite positions affected with systematic errors. Future adjustment of theories could be affected if such biased satellite positions are used.
Analysis of differences between observations reduced from different theories
We shall try to evaluate the bias pointed out above. We have determined, for each satellite, differences between the four successive positions, obtained from each theory in the CCD reduction, and positions derived from the multitheory method, used as a reference method, described above in the introduction. These differences, computed for each night of observation listed in Table 1 , are visualized in Figs. 1 and 2 for both coordinates, separation ∆S and position angle S∆P , respectively. From a preliminary analysis, all differences appearing in Figs. 1 and 2 are lower than 0. 1, with an exception for some rare points relative to Taylor & Shen's theory. Most differences remain lower than 0. 02, whatever the theory used. This confirms our preliminary evaluation of the consistency of reduction methods using satellite theories obtained above from residuals of Table 4 . However, some exceptions appear, especially in Fig. 1 . If observed positions successively reduced from the four theories present a rather good coherency in position angle, generally within 0. 02 (cf. Fig. 2) , they can present some higher discrepancies in separation. For this coordinate, Fig. 1 emphasizes differences between 0. 05 and 0. 1, especially for Harper & Taylor and Taylor & Shen's theories. In addition, it is interesting to note that these differences generally are positive for Harper & Taylor and negative for Taylor & Shen, pointing out a possible systematic bias in satellite observed positions reduced from both of these theories. Such a bias can be confirmed from the analysis of Table 6 which presents mean values of differences visualized in Figs. 1 and 2, with their root mean square (rms) errors, for all observations of each satellite. Table 6 shows that mean values are always positive for Harper & Taylor and negative for Taylor & Shen, confirming the bias relative to these theories pointed out in Fig. 1 . One of the highest bias concerns Harper & Taylor's theory, with about 0. 03 in separation. It may be related to possible systematic scale errors in the observations, already mentioned by Harper & Taylor (1993) . In addition, Table 6 shows that for each satellite, TASS generally presents the lowest mean differences, under 0. 005, and the lowest rms errors, under 0. 02. This means that observed positions reduced from TASS are the most coherent with those reduced from the multi-theory method. As this method was proposed by Qiao et al. (1999) for reducing systematic errors of each theory in satellite positions, we can expect that positions reduced from TASS would also have no significant systematic errors.
To further evaluate the accuracy of satellite observations reduced from different theories, we propose to use rms errors of mean differences given in Table 6 , generally higher than the corresponding mean differences. These errors are lowest for TASS. The CCD reduction using this theory should then provide the most consistent satellite observations, as rms errors in Table 6 are under 0. 015 in both coordinates. Thus, for TASS, this last value appears somewhat better than our preliminary evaluation (0. 02) concerning reduction methods involving any satellite theory. However, when theories other than TASS are used in the reduction, the accuracy of observations, also evaluated from rms errors of 
Conclusion
We have analysed the four contemporary satellite theories developed by Taylor & Shen (1988) , Dourneau (1993) , Duriez & Vienne (1997) and Harper & Taylor (1999) , to get some information about their respective reliability. We have shown that these four theories can derive quite satisfactory orbits for Tethys, Dione, Rhea and Titan, which can be used as calibration satellites for computing calibration parameters in CCD reduction. For these satellites, whichever theory used in the CCD reduction, we can expect to obtain observed positions with a good accuracy. However, we have pointed out a bias of the theories used in the CCD reduction in the corresponding derived satellite positions, rather significant for Harper & Taylor and Taylor & Shen, with values of about 0. 03. In order to limit systematic errors, especially those introduced when only one theory is used in the reduction process, we had proposed in a previous work (Qiao et al. 1999 ) the multi-theory reduction method using all four contemporary theories together. In this paper, we have shown that the CCD reduction using the TASS theory is in better agreement with the multi-theory method than all other reduction methods. So, when used in the CCD reduction, TASS should not introduce any significant bias in the satellite positions. Also, we have made some attempts to evaluate the accuracy of satellite positions reduced from Table 6 . Mean differences in satellite observations depending on the reduction made, for all observations presented in Table 1 . These differences compare positions reduced from each theory to the corresponding positions reduced from the multi-theory method. Mean differences are affected with rms errors computed for all observations, and given in separation ∆S (S) and position angle S∆P (P). All values are given in milli-arcsecond Satellite T&S H&T TASS Dourneau Mimas (S) −5.5 ± 11.6 36.0 ± 17.0 −1.2 ± 10.7 3.5 ± 15.1 (P) −32.4 ± 40.7 0.9 ± 1.9 −2.6 ± 2.3 33.1 ± 40.6
Enceladus (S) −34.8 ± 50.2 38.8 ± 17.1 4.7 ± 24.1 18.5 ± 34.0 (P) −6.6 ± 11.3 2.2 ± 9.0 −2.0 ± 3.5 6.5 ± 16.0 Tethys (S) −34.9 ± 42.7 39.1 ± 24.9 4.1 ± 15.5 18.7 ± 29.6 (P) −0.5 ± 23.7 2.7 ± 8.9 −1.9 ± 6.3 −0.2 ± 22.3 Dione (S) −32.6 ± 38.4 39.2 ± 27.3 5.1 ± 8.9 16.6 ± 28.8 (P) −7.3 ± 29.1 2.1 ± 9.0 −1.4 ± 7. In conclusion, the analysis we have performed has shown that the multi-theory method appears to be useful in CCD reduction, owing to its ability to provide satellite observations without any significant systematic error. However, such satellite observations reduced from the multi-theory method can be affected by the significant errors introduced by the less accurate theories such as Taylor & Shen. So, we suggest the use of the highly consistent TASS theory alone for computing calibration parameters in CCD reduction. The observations should then have a consistency of about 0. 015 and they should not present any significant systematic errors. Our suggestions about CCD reduction methods should help observers to publish in the future more accurate reduced positions of Saturn's satellites. However, we advise them to publish in addition all their raw data, measured in pixels on the CCD frame. This will allow subsequent users of the satellite observations to adopt a given method of reduction, as these methods should be improved in the near future, particularly when larger CCD targets will be used. For instance, wider fields will allow classical reduction from reference field stars. This will resolve many model-dependant systematic errors from future positions of Saturn's satellites.
